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Omi/HtrA2; Thanatos-associated protein 5; coronary artery disease; apoptosis OMI/HTRA2 IS A MITOCHONDRIAL serine protease that has an essential role in both mitochondrial homeostasis, as well as cell death (49) . Most of the studies on Omi/HtrA2 have substantially contributed to our understanding of the mechanism of its proapoptotic function. On the contrary, very little is known about its normal function within the mitochondria. Upon induction of apoptosis, Omi/HtrA2 is released to the cytoplasm, where it participates in caspase-dependent and caspase-independent cell death (21, 34, 45, 48, 50) . The mechanism of its proapoptotic activity involves degradation of specific substrates that include mitochondrial protein HS1-associated protein X-1, cytoplasmic proteins X-chromosome-linked inhibitor, PEA/PED, and Apollon/Bruce (10, 41, 44, 47, 51) , as well as nuclear factors Grim-19, WARTS, and p73 (28, 29, 31, 33) . The protease activity of Omi/HtrA2 is always necessary and essential for its proapoptotic function. We have used the yeast two-hybrid system to isolate and characterize new Omi/HtrA2 interacting proteins (10) . These interacting proteins could be new substrates of Omi/HtrA2 or modulators of its proteolytic activity. Previous studies have shown that the proteolytic activity of Omi/HtrA2 can be regulated through specific protein-protein interactions mediated via its PDZ domain (36) . In this report, we describe one such new Omi/HtrA2 interactor, the Thanatos-associated protein 5 (THAP5) protein. The THAP family of proteins comprises a group of nuclear factors defined by the presence of an ϳ90-residue protein motif (the THAP domain) (40) . THAP domains are atypical zinc fingers with specific zinc-dependent DNA binding activity and show similarity to the site-specific DNA binding domain of the P element transposase from Drosophila (38, 40) . THAP proteins are transcription factors, and the limited information that exists on their function suggests that they might be involved in gene regulation, cell cycle control, and/or apoptosis (6, 12, 39) . THAP5 is the fifth member in the 12-member family of human THAP proteins and is unique since, outside its THAP domain, it shares no sequence homology with any other reported protein. THAP5 interacted with Omi/HtrA2 both in yeast and mammalian cells under proapoptotic conditions, where Omi/ HtrA2 is known to be released from mitochondria to the cytoplasm. Furthermore, THAP5 could be cleaved very efficiently in vitro by Omi/HtrA2 protease. Since very little is known about the function of THAP5, we performed a detailed study to characterize its normal function and the significance of its interaction and degradation by Omi/HtrA2. We found THAP5 to be a tissue-specific nuclear factor that is predominantly expressed in the human heart. Interestingly, there is no mouse or rat ortholog of THAP5; this is a characteristic of some THAP family members, since it has also been reported for four other proteins, namely THAP6, THAP8, THAP9, and THAP10 (12, 38) . The normal function of THAP5 is the regulation of cell cycle, and ectopic expression of the protein caused cell cycle arrest. During cell death, THAP5 was cleaved and removed by Omi/HtrA2 in cells treated with cisplatin and H 2 O 2 , but it was not affected in cells treated with etoposide or camptothecin. Using the ucf-101 inhibitor of Omi/HtrA2, we could very effectively block THAP5 degradation and protect cells from undergoing apoptosis. The degradation of THAP5 seen during experimentally induced cell death or cell injury is a physiological event that follows cellular damage and was observed in the myocardial infarction (MI) area of the heart tissues from patients with coronary artery disease (CAD).
MATERIALS AND METHODS
Yeast two-hybrid screen. We used the yeast two-hybrid system to screen a HeLa, as well as a melanocyte cDNA library, as previously described (10) . The bait used was the mature, proteolytically active form of the Omi/HtrA2 protein (aa 134-458) cloned in the pGilda (Clontech) bait vector. Several interacting proteins were identified in this screen. One of these Omi/HtrA2 interactors isolated from the melanocyte cDNA library was a partial clone of a previously uncharacterized protein called THAP5. The full-length cDNA for THAP5 encodes 395 amino acids and was isolated from a Marathon Ready human heart cDNA library (Clontech). The specificity of THAP5 interaction with Omi/HtrA2 in yeast was tested using HtrA1, a mammalian homolog of Omi/HtrA2 that has 68% amino acid sequence similarity. The presence and stability of the recombinant proteins in yeast cells was monitored by Western blot analysis using LexA antibodies (for baits) or HA antibodies (for preys).
Interaction between Omi/HtrA2 and THAP5 in mammalian cells. Human embryonic kidney (HEK)-293 cells were transfected in duplicates with either pEGFP-C1 empty vector (Clontech) or enhanced green fluorescent protein (EGFP)-THAP5 plasmid using Lipofectamine 2000 reagent (Invitrogen). EGFP-THAP5 encodes the fulllength THAP5 protein fused in frame to EGFP-C1 vector. Fourteen hours later, one-half of the cells were treated with cisplatin (50 M) for 10 h. Cell lysates were prepared using RIPA buffer (150 mM NaCl, 50 mM Tris ⅐ HCl, pH 7.5, 1% Nonidet P-40, 0.25% deoxycholic acid sodium salt) containing the protease-inhibitor cocktail (Roche). Approximately 200 g of total protein cell lysates were precleared by mixing with protein G-agarose beads (Roche) for 1 h, followed by incubation with the Omi/HtrA2 polyclonal antibody (10) for 2 h at 4°C. Protein G-agarose beads were then added and allowed to bind overnight at 4°C. Immunoprecipitates were collected by brief centrifugation, washed extensively with RIPA buffer, and resolved by SDS-PAGE. They were then electro-transferred onto a polyvinylidene difluoride (PVDF) membrane and probed with a mouse monoclonal green fluorescent protein (GFP) antibody (Santa Cruz Biotechnology), followed by a secondary goat anti-mouse horseradish peroxidaseconjugated antibody, and the immunocomplex was visualized by enhanced chemiluminescence (Pierce). We also performed the reverse of this experiment by transfecting HEK-293 cells with pEGFP-N1-Omi . Approximately 200 g of total protein cell lysates were precleared by mixing with protein G-agarose beads (Roche) for 1 h and then incubated with THAP5 polyclonal antibody, followed by Western blot using the GFP antibody, as described above.
Northern blot analysis of THAP5 mRNA expression in human tissues. Human mRNA tissue blot (Clontech), representing 12 human tissues, was probed with a radiolabeled DNA probe corresponding to THAP5 protein sequence residues 163-395. This DNA sequence is unique and has no homology to any other known gene in the GenBank. The blot was hybridized with the radiolabeled probe at 42°C, washed at 65°C, and subjected to autoradiography (17) . To verify that an equal amount of mRNA was present on each lane, the blot was stripped and reprobed for ␤-actin mRNA expression.
Degradation assay. The ability of His-Omi 134-458 to cleave recombinant His-THAP5 protein in vitro was investigated. The full-length cDNA for the THAP5 protein was cloned in frame in pET-28 vector (Novagen). Bacterially expressed recombinant His-THAP5 was purified on nickel-nitrilotriacetic acid (NTA-agarose) affinity resin, as described (10) . The synthesis and properties of the His-Omi have been previously reported (10) . His-Omi134-458 was incubated with His-THAP5 in 15 l of reaction volume in assay buffer (20 mM Na 2HPO4, pH 8, 200 mM NaCl, and 5% glycerol). In some of the reactions, the ucf-101 inhibitor was used. After various incubation times at 37°C, the reactions were stopped through the addition of SDS sample buffer. Reaction products were analyzed by SDS-PAGE followed by Coomassie blue staining.
Cell culture. HEK-293 cells were grown in Dulbecco's modified Eagle's medium, supplemented with 10% fetal calf serum (Hyclone), 2 mM L-glutamine, 1.5 g/l sodium bicarbonate, 1 mM sodium pyruvate, 50 U/ml penicillin, and 50 g/ml streptomycin (Invitrogen). HeLa cells were grown in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum, 2 mM L-glutamine, 50 U/ml penicillin, and 50 g/ml streptomycin.
Subcellular localization of the THAP5 protein.
To investigate the subcellular localization of the THAP5 protein, the full-length cDNA (aa 1-395) was cloned in frame into EGFP-C1 vector (Clontech). Furthermore, DNA sequence corresponding to amino acids 1-162 or 163-395 of THAP5 protein were also amplified by PCR and cloned into EGFP-C1 vector. HeLa cells were grown on glass coverslips in 12-well plates. Approximately 60% confluent cells were transiently transfected with 1 g of the various GFP constructs using Lipofectamine 2000 Transfection Reagent (Invitrogen). Twenty-four hours after transfection, cells were washed and fixed in 4% paraformaldehyde, permeabilized with 0.2% Triton X-100, and incubated with Texas red-phalloidin (Molecular Probes) to stain cytoplasm. The coverslips were then washed and placed on microscope slides using Fluoromount-G as the mounting solution. Slides were observed using a LSM510 confocal laser-scanning microscope (Zeiss). The expression and stability of the various GFP fusion proteins were verified by Western blot analysis using GFP-specific antibodies (Santa Cruz Biotechnology).
Expression, purification of His-tagged THAP5 protein, and antibody production. PCR was used to amplify DNA sequence corresponding to a partial carboxyl terminus THAP5 (aa 163-395) polypeptide. The PCR product was cloned in-frame in the bacterial expression vector pET-28 (Novagen). For protein expression, BL21 (DE3) (Novagen) bacteria were transformed with pET-THAP5 and single colonies were grown overnight in Luria Bertani medium containing kanamycin. The overnight culture (1 ml) was used to inoculate 1 liter of Luria Bertani medium, and growth was continued at 37°C until the 600-nm optical density was ϳ0.8. At this time, 2 mM isopropylthiogalactoside was added, and the culture was placed in a shaking incubator for 4 h at 25°C. Bacteria were harvested by centrifugation and lysed in a buffer containing 6 M urea, 0.1 M NaH2PO4, 20 mM Tris ⅐ HCl, pH 8, and a protease inhibitor cocktail (Sigma). The bacterial suspension was then sonicated, and recombinant His-THAP5163-395 protein was purified using Ni-NTA His-Bind Resin (Novagen). The quality of the His-THAP5163-395 protein was monitored by SDS-PAGE, followed by Coomassie blue staining. To make the polyclonal antibody, 15 mg of purified human His-THAP5163-395 were used to immunize two rabbits. Immunization, production, and purification of the polyclonal THAP5 antibody were performed by New England Peptide.
Western blot analysis of THAP5 protein expression in various human tissues. Because THAP5 is expressed only in human cells, we used a commercially available Western blot that represents five human tissues (Calbiochem). Each lane of the blot contains 10 g of crude protein extract from the corresponding tissue. We used our THAP5 polyclonal antibody at a 1:5,000 dilution. We also tested THAP5 expression in HEK-293 and HeLa cell lines. The method and conditions for the Western blot analysis have been previously described (8, 10) .
Cell cycle analysis. HEK-293 cells were seeded onto six-well plates, synchronized with serum starvation (13, 24) , and then transiently transfected with EGFP-C1 empty vector (Clontech) or EGFP-THAP5 using Lipofectamine 2000 Transfection Reagent (Invitrogen). Forty or fifty hours after transfection, cells were washed and fixed in 4% paraformaldehyde. The cells were then washed, permeabilized with 0.1% saponin, and stained with 7-amino-actinomycin D (5 l per 100 l of PBS) and incubated for 30 min at 37°C. GFP-positive cells in the transfected population were measured using a FACSCalibur Flow Cytometer (BD Biosciences) (7) and analyzed using ModFitLT software.
Cell death assays. HeLa cells were treated for 12 h with different chemicals: camptothecin (100 M), cisplatin (5 M), etoposide (20 M), H 2O2 (0.2 mM), and staurosporine (100 M). HeLa cells were grown in six-well plates in the appropriate medium until they reached 70 -80% confluency; they were then treated with ucf-101 (20 or 30 M) for 20 min followed by cisplatin (5 M) or H 2O2 (0.2 mM) treatment for 12 h. Cells were detached with 1ϫ Trypsin-EDTA (Gibco) and washed twice with ice-cold PBS. One-half of them were used for Western blot analysis, and the rest for apoptotic assay. Western Blot analysis was performed as described (8, 10) . The apoptotic assay was performed according to BD Biosciences protocol. Briefly, cells were suspended in 1ϫ binding buffer and stained with annexin V (apoptotic cell) and 7-amino-actinomycin D (necrotic cells) (15, 16, 22) . Samples were analyzed on a FACSCalibur Flow Cytometer (BD Biosciences).
Expression of THAP5 in the heart of patients with CAD. Human cardiac tissues were prepared as described (42) . Briefly, human cardiac tissue samples were taken from the left ventricles of failing human hearts that were explanted in the course of heart transplantation. The study's protocol was approved by the local ethics committee, and written, informed consent was given by patients, according to the National Disease Research Interchange. Hearts from patients with end-stage heart failure who were undergoing cardiac transplantation because of either dilated cardiomyopathy (DCM) or CAD were investigated. Furthermore, healthy donor (HD) hearts that were ultimately rejected for transplantation because of technical reasons were also included in this study as healthy tissue control. For Western blot analysis, 100 mg of tissue were ground in liquid nitrogen and homogenized with an Ultra-Turrax T8 (IKA-werke) in ice-cold lysis buffer containing 150 mM NaCl, 20 mM Tris ⅐ HCl, pH 7.6, 1 mM CaCl 2, 1 mM MgCl2, 10% glycerol, 1% Nonidet P-40, and protease and phosphatase inhibitors cocktail (Roche). Homogenate was cleared by centrifugation for 10 min at 14,000 g. Protein concentrations were determined using the Bio-Rad protein assay. Approximately 20 g of whole cell extracts were resuspended in SDS sample buffer and boiled for 3 min. Samples were resolved by SDS-PAGE and electrotransferred onto PVDF membranes (Pall Life Sciences) using a semi-dry cell transfer blot (Bio-Rad). Nonfat dry milk (4%) in TBST buffer was used to block any nonspecific binding. The membrane was incubated with our THAP5 polyclonal antibody (1:5,000), followed by a secondary horseradish peroxidase-conjugated goat anti-rabbit (Jackson ImmunoResearch) (1:15,000) and visualization by enhanced chemiluminescence (Pierce).
Statistical analysis. All quantitative data are expressed as means Ϯ SD. Differences among groups were analyzed by one-way ANOVA, followed by Tukey's post hoc test. A value of P Ͻ 0.05 was considered significant.
RESULTS

Isolation of THAP5 as an Omi/HtrA2 interactor.
We used the yeast two-hybrid system to isolate Omi/HtrA2 interactors. We screened two different cDNA libraries derived from HeLa cells and primary human melanocytes. We used two different cDNA libraries to screen as many diverse proteins as possible, including any potential tissue-specific interactors of Omi/ HtrA2. Furthermore, one of the cDNA libraries was prepared from primary cells to avoid a potential problem often seen in cDNA libraries prepared from transformed cell lines. Cells lines such as HeLa used here often have deregulated expression of genes involved in cell growth as well as underrepresentation of proapoptotic cDNAs. The bait in this screen was the LexA-Omi 134-458 , which represents the mature active form of the Omi/HtrA2 enzyme (10). The screen was performed as described, and several novel Omi/HtrA2 interacting proteins were identified (10) . One of the specific interactors from the human melanocyte cDNA library was a partial polypeptide of THAP5. THAP5 is the fifth member of a recently described 12-member family of proteins characterized by the presence of a THAP (Thanatos, Greek for death) motif at the amino terminus of the protein (40) . Using specific primers and rapid amplification of cDNA ends, we were able to isolate the full-length cDNA, which was then cloned back into the pJG4-5 vector, and its interaction with Omi/HtrA2 was monitored. Figure 1A shows that full-length THAP5 interacts strongly with Omi/HtrA2. Furthermore, the specificity of the interaction was tested using HtrA1, a human homolog of Omi/HtrA2 that has 68% amino acid sequence similarity. No interaction was observed in this yeast two-hybrid assay between these two proteins (Fig. 1A) . The expression and stability of the different baits and preys were monitored and verified by Western blot analysis (results not shown).
Interaction of Omi/HtrA2 with THAP5 in mammalian cells during apoptosis. To investigate whether Omi/HtrA2 can interact with THAP5 in vivo, HEK-293 cells were transfected with a construct encoding GFP-THAP5. Cells were treated with cisplatin for 12 h to induce apoptosis. After this time, Omi/HtrA2 antibodies were used to precipitate endogenous Omi/HtrA2 protein, and the presence of any GFP-THAP5 protein in the complex was monitored by Western blot analysis using a GFP-specific monoclonal antibody (Santa Cruz Biotechnology). Figure 1B shows that endogenous Omi/HtrA2 interacts with GFP-THAP5 in HEK-293 only in cells treated with cisplatin and undergoing apoptosis. No interaction between Omi/HtrA2 and GFP-THAP5 was observed under normal nonapoptotic conditions. We also performed the reverse experiment by transfecting HEK-293 cells with GFP-Omi and using the THAP5 antibody to precipitate endogenous protein and any GFP-Omi associated with it. This experiment also clearly shows that THAP5 and GFPOmi can associate in mammalian cells, but only during apoptotic conditions (Fig. 1C) .
THAP5 is cleaved by Omi/HtrA2 protease in vitro. To test the ability of Omi/HtrA2 protease to cleave the THAP5 protein in vitro, bacterially made His-THAP5 was incubated with His-Omi/HtrA2 134-458 protease for different time periods. Figure 1D shows that His-Omi/HtrA2 134-458 was able to degrade the THAP5 protein in this assay. To verify that cleavage of THAP5 was due to Omi/HtrA2 activity and not by some other contaminated bacterial protease, we used its specific inhibitor ucf-101 (9). When used in this assay, ucf-101 was able to prevent the degradation of THAP5 by Omi/HtrA2 (Fig. 1D) .
Expression of THAP5: mRNA and protein. Figure 2A is a schematic diagram of the THAP5 protein. The nucleotide sequence predicts a protein consisting of 395 amino acids. The THAP domain is located at its amino terminus and shows high homology to the other 11 members of the human THAP family of proteins. Outside the THAP domain, THAP5 protein has no similarity to any other known protein sequence that is uploaded in the GenBank. A coiled-coil region is also predicted at its carboxy terminus. Since there is no mouse or rat ortholog for THAP5, a human Northern blot representing various tissues was used to investigate THAP5 mRNA expression. THAP5 expression is represented by a specific mRNA band of ϳ3.2 kb (Fig. 2B) . THAP5 mRNA shows very high expression in the human heart, and, when the blot is overexposed, some expression is also seen in the human brain and skeletal muscle (Fig.  2B) . No expression of THAP5 is detected in any of the other human tissues represented on this blot. To verify that there is a bona fide THAP5 protein present in these human tissues, we raised a polyclonal antibody against a recombinant His-THAP5 163-395 . This antibody was used on a Western blot containing extracts from various human tissues (Calbiochem). Figure 2C shows that a 50-kDa polypeptide is readily detectable in human heart, brain, and skeletal muscle. A lower molecular weight band is also detected with the same THAP5 antibody. The relative levels of the THAP5 protein vs. mRNA in the three human tissues do not correspond, and this is probably due to the poor quality (protein degradation) of the commercially available human Western blot. Figure 2D shows the relative expression of THAP5 protein in HeLa and HEK-293 cells. The lower band recognized by this antibody probably corresponds to a proteolytic product of THAP5. Its intensity increases after several cycles of freeze-thawing the lysates.
Both HEK-293 and HeLa cell lines express similar levels of THAP5 protein, but THAP5 protein is 30 times more abundant in the human heart (results not shown).
Subcellular localization of the THAP5 protein. The cDNA sequence corresponding to the full-length THAP5 protein was cloned into the GFPC1 vector. The GFP-THAP5 vector was transfected into HeLa cells, and 24 h later the subcellular localization of the protein was observed using a confocal microscope, as previously described (8) . Figure 3A shows that the full-length GFP-THAP5 protein is localized exclusively in the cell nucleus, but is excluded from the nucleoli. There are two discernible domains in the THAP5 protein: 1) the THAP domain (90aa) present at the amino terminus that shares homology with the corresponding domain in the other 11 members of the THAP family of proteins; and 2) the rest of the THAP5 protein (91-395aa) that shows no homology to any other known protein sequence in the data banks. Therefore, we cloned DNA sequence corresponding to the amino terminus of the protein, including the THAP domain or the unique carboxy terminus of THAP5 into the GFP vector to investigate their potential role in targeting the protein to the nucleus. Figure 3B shows that the THAP5 protein that lacks the amino terminus is now predominantly cytoplasmic, whereas the THAP domain alone localizes exclusively in the cell nucleus (Fig. 3C) . Figure  3D is a Western blot to verify the expression and stability of the three different GFP fusion proteins used in this experiment.
THAP5 is a potential regulator of cell cycle. Previous reports suggested that some members of the THAP family of proteins could inhibit cell cycle progression (6) . Therefore, we investigated whether ectopic expression of a GFP-THAP5 protein in HEK-293 will interfere with the cell cycle progression. Cells were synchronized and transfected with GFP-THAP5 or the empty GFP vector, and 40 or 50 h later the percentage of transfected cells at various points of the cell cycle were estimated. Figure 4 shows an accumulation of GFP-THAP5 expressing cells at the G2/M phase compared with cells expressing GFP alone 40 h posttransfection. This difference becomes more pronounced after 50 h, where over 28% of the GFP-THAP5 expressing cells were found in the G2/M phase vs. 2% of cells transfected with GFP vector. The same experiment was also performed using HeLa cells transfected with GFP vector or GFP-THAP5. Here too, overexpression of THAP5 causes accumulation of cells at G2/M phase (results not shown).
THAP5 is degraded in cells treated with cisplatin or H 2 O 2 .
To investigate whether THAP5 protein is regulated during apoptosis, HeLa cells were treated with various chemicals known to induce apoptosis, including camptothecin, cisplatin, etoposide, H 2 O 2 , and staurosporine; subsequently, cell death was measured using annexin V staining and flow cytometry (10) . THAP5 protein level was monitored by Western blot analysis of cell extracts, and it was significantly reduced in cells treated with cisplatin or H 2 O 2 (Fig. 5) . These chemicals also induced the maximum cell death (64 and 58%, respectively) in this assay. In cells treated with cisplatin, the upper band of THAP5 was preferentially cleaved, whereas, in cells treated with H 2 O 2 , both bands of the protein were equally degraded.
Ucf-101 inhibitor prevents THAP5 degradation. We investigated whether the Omi/HtrA2 protease is responsible for the degradation of THAP5 observed in HeLa cells during apoptosis. For this, HeLa cells were treated with cisplatin, the percentage of cell death was monitored by annexin V staining and flow cytometry, and the levels of THAP5 protein were monitored by Western blot analysis. HeLa cells treated with 5 M cisplatin for 12 h resulted in 42% cell death of the population (Fig. 6) . The cell death in these cells coincided with a dramatic reduction in the level of THAP5 protein. We also performed the same experiment in the presence of two different concentrations of ucf-101, a specific inhibitor of the proteolytic activity of Omi/HtrA2 (9) . In this case, the percentage of apoptotic cells in the population was reduced to 21%. The ucf-101 inhibitor was also able to protect the degradation of the THAP5 protein, implicating Omi/HtrA2 protease in this process.
Expression of THAP5 protein in heart tissues derived from patients with CAD. THAP5 expression is highest in the human heart, suggesting a potential role of this protein in the normal function of the cardiomyocytes. We monitored the protein level of THAP5 in the heart of patients with various heart diseases, including CAD and DCM. Figure 7A shows the expression of THAP5 protein in the remote zone (CAD-RZ), border zone (CAD-BZ), and MI area (CAD-MI) in the heart of three CAD patients. The relative THAP5-to-GAPDH ratio for each sample was quantified by densitometry. In all three patients, there is clear reduction in the level of THAP5 in the CAD-MI area compared with the CAD-RZ and CAD-BZ. The MI area is the part of the heart that sustains maximum injury in CAD. Therefore, this area is expected to contain the most damaged and apoptotic cells. Figure 7B shows the expression of THAP5 protein in the heart tissue of three patients with DCM and three HDs. No significant difference is seen in the level of THAP5 protein in the hearts of DCM patients or HDs. The blot was also probed with GAPDH-specific antibody to verify that an equal amount of protein extract was used in each lane.
DISCUSSION
Omi/HtrA2 is a nuclear-encoded mitochondrial protease that has homology to bacterial HtrA chaperones (17, 27, 43) . Recent evidence suggests that Omi/HtrA2 has two distinct functions, both requiring its protease activity. Omi/HtrA2 can be a proapoptotic protein, as well as a prosurvival factor, depending on its subcellular location. The prosurvival function of Omi/HtrA2 was based on studies on motor neuron degeneration 2 (mnd2) mice that carry a single mutation affecting the proteolytic activity of Omi/HtrA2 (25) . Mnd2 homozygous animals suffer muscle wasting, neurodegeneration, and die by 6 wk of age. Based on these studies, it is assumed that the primary function (physiological function) of Omi/HtrA2 in mammalian cells is to somehow maintain mitochondrial homeostasis necessary for cell survival (25, 35) . The other function of Omi/HtrA2 (pathological function) becomes operational only under conditions leading to cell death, where Omi/HtrA2 is released to the cytoplasm as a proapoptotic protein and participates in caspase-dependent as well as caspase-independent apoptosis (21, 45, 50) . Most of the studies reported so far have provided significant new information on the mechanism of Omi/HtrA2's proapoptotic function, but little if anything on its prosurvival function is known. Omi/ HtrA2, when released to the cytoplasm, binds and degrades several substrates, including inhibitors of apoptosis protein, PEA/PED, and Apollon/Bruce (41, 44, 47, 51) . Some of these proteins are clearly antiapoptotic factors, and their removal by Omi/HtrA2 can undoubtedly accelerate cell death. Others have a more obscure function, and their association and cleavage by Omi/HtrA2, in the context of inducing cell death, is more difficult to justify. In the present study, we report the characterization of THAP5, the fifth member of the THAP family of proteins, as a specific interactor and substrate of Omi/HtrA2 protease. THAP proteins comprise a recently described family of cellular factors with unique structural and functional characteristics. They are defined by the presence of the THAP 
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THAP5 IS A NOVEL SUBSTRATE OF Omi/HtrA2 PROTEASE domain, an atypical zinc-dependent DNA-binding domain of ϳ90 amino acids. There are 113 THAP proteins listed in the databases, and in humans there are 12 distinct proteins (THAP0-THAP11) (40) . All 12 human THAP proteins have a single THAP domain at their amino terminus. In Drosophila, there are 7 THAP proteins, 2 of which contain more than 1 THAP domain, CG14860 has 2 THAP domains, and the CG10631 is predicted to have as many as 27 THAP domains (40) . THAP domains are unique as DNA binding motifs due to a significant similarity with the DNA binding domain of Drosophila P element transposase. This similarity includes the size of the THAP domain, its location in the protein, and the conservation in the number and residues that define the domain (40) . THAP0, also known as the death-associated protein DAP4/p52rIPK, was identified as one of the genes induced by IFN-␥-mediated apoptosis and in an independent study, as an interactor of protein kinase R (14, 18) . THAP1 was originally defined as a proapoptotic nuclear factor localized at the promyelocytic leukemia nuclear bodies and interacting with prostate apoptosis response-4 protein (39) . Since very little is known about THAP5, we embarked on a detailed study, beginning with its expression. In human tissues, THAP5 mRNA is predominantly expressed in the human heart, although low expression is also detected in skeletal muscle and brain. More significantly, we found no orthologs for THAP5 in mouse (Mus musculus) or rat (Rattus norvegicus). The closest orthologs were detected in Macaca fascicularis, Bos taurus, and Gallus gallus. The absence of orthologs in mouse and rat has also been reported for four other members of the THAP family, the THAP6, THAP8, THAP9, and THAP10 proteins (37) . It was suggested that some THAP genes might have originated from a domestication event of a single copy of P element transposase that took place in the human lineage after it had diverged from the rodent lineage (38) . Alternatively, THAP gene domestication might have occurred earlier in the evolution, but was later lost in the lineage leading to rodents (38) .
To verify that THAP5 is a bona fide human protein, we raised a polyclonal antibody against the unique part of the protein (aa163-395) that does not include the THAP domain. This polyclonal antibody clearly recognized a specific band of 50 kDa, corresponding to THAP5 in human heart, skeletal muscle, and brain. The THAP5 antibody did not detect any specific protein bands when tested against various mouse or rat tissue extracts (results not shown).
To investigate the subcellular localization of THAP5, we expressed the full-length protein fused to GFP in HeLa cells. The fusion protein, GFP-THAP5, shows exclusive nuclear localization but is excluded from the nucleoli. The amino terminus of the protein that includes the THAP5 domain is responsible for its nuclear localization. This is the part of the protein implicated in DNA binding, as well as protein-protein interactions (32) . We also stained HeLa cells for endogenous THAP5 protein using our THAP5 antibody. In this experiment, the THAP5 protein was found to be exclusively located in the nucleus (results not shown). The interaction with Omi/HtrA2 is mediated by the carboxy terminus of THAP5 that binds the PDZ domain of Omi/HtrA2. The carboxy terminus of THAP5 has the amino acid sequence EVTMI* that conforms to the consensus sequence for PDZ (Omi) binding proteins (26, 36) .
Previous studies have shown two members of the same family, THAP1 and THAP11, can regulate cell proliferation (6, 52) . Furthermore, genetic studies using C. elegans support a role of THAP proteins in cell cycle regulation. These studies demonstrated a genetic interaction between LIN-35/Rb, which is the C. elegans retinoblastoma homolog, and four C. elegans THAP proteins, LIN-36, LIN-15B, LIN-15A, and HIM-17. LIN-36 and LIN-15B are known inhibitors of G1/S cell cycle M of ucf-101, and apoptosis was induced with 5 M cisplatin for 12 h. Apoptosis was monitored using annexin V and 7-AAD staining and analyzed by flow cytometry. B: extracts were prepared from the same cell population and analyzed by SDS-PAGE and Western blot analysis using THAP5 antibody. Cisplatin treatment caused a dramatic reduction in THAP5 protein level (lane 2). This corresponds with increased apoptosis in the cell population. When HeLa cells were treated with ucf-101 followed by cisplatin, the inhibitor substantially protected THAP5 proteins, and the percentage of apoptotic cells was significantly reduced (lanes 3 and 4) . ␤-Actin antibody was used to verify that equal amounts of protein were present in each lane. Data are means Ϯ SD of three independent experiments. transition (4, 5, 11, 12, 23, 46) . Also, in zebrafish the ortholog of the cell cycle transcription factor E2F6 has a THAP domain and functions as a repressor of E2-F-dependent transcription during S phase (20) . Based on these reports, we decided to investigate if THAP5 plays any role in the regulation of cell cycle.
For these studies, we ectopically expressed GFP-THAP5 in HEK-293. This cell line expresses endogenous THAP5 protein and can be transfected with high efficiency. The results from these experiments clearly show that GFP-THAP5 had a dramatic effect, blocking the progression of transfected cells through the cell cycle and causing high accumulation of cells at the G2/M phase. The effect of THAP5 overexpression is not unique to HEK-293 cells, and similar experiments performed in HeLa cells also caused arrest at G2/M phase. The mechanism by which THAP5 inhibits cell cycle is not known, and it most likely will involve the direct regulation of cell cycle genes. THAP5 has an atypical zinc finger domain at its amino terminus that could bind to specific DNA sequences on different promoters. A recent study showed that another member of the same family, THAP11, could inhibit cell cycle by binding to the promoter of c-Myc and downregulating its expression (52) .
To investigate the role of the THAP5-Omi/HtrA2 interaction during apoptosis, HeLa cells that normally express THAP5 were treated with various chemicals to induce cell death. Under these conditions, Omi/HtrA2 is released from mitochondria and becomes a proapoptotic protein. In these experiments, the THAP5 protein was cleaved in cells treated with cisplatin or H 2 O 2 , and the degree of THAP5 degradation increased proportionally with the rate of apoptosis in the cell population. No significant cleavage of THAP5 was seen in cells treated with etoposide and camptothecin, but these chemicals also caused minimal cell death in this protocol and cell line used for these experiments.
We used a specific inhibitor to show that Omi/HtrA2 is responsible for THAP5 degradation. This inhibitor, ucf-101, was developed in our laboratory and has been extensively studied in various systems of cell death (8, 9, 30) . When the ucf-101 inhibitor was used, it clearly blocked THAP5 cleavage and protected cells from apoptosis.
THAP5 is hyperexpressed in the human heart, but there are no rodent orthologs, therefore limiting the type of studies that can be done to investigate its potential involvement in the development or progression of heart disease. We obtained small tissue samples from patients with several human heart diseases, including CAD and DCM. In CAD patients, we were able to detect a decrease in the THAP5 protein level in the MI area compared with RZ or BZ areas of the same heart. These results, although preliminary, suggest that, during pathological conditions resulting in myocardial cell death, such as MI, the THAP5 protein decreases significantly in areas of the heart that sustain maximum cell damage. There was no difference in THAP5 protein levels in DCM patients compared with normal (donor) heart. Previous studies have shown that Omi/HtrA2 is a key player in myocardial ischemia-reperfusion injury (2) . Furthermore, inhibition of the proteolytic activity of Omi/ HtrA2 using the ucf-101 inhibitor improved postischemic myocardial function and reduction of the myocardial infarct size (2, 3, 30) . THAP5 is the first human, heart-specific substrate of Omi/HtrA2 identified thus far. Under normal, physiological conditions, THAP5 functions as an inhibitor of cell cycle. This dual function of THAP5 supports previous studies that have shown the existence of a cross talk between cell cycle control and apoptosis in cardiomyocytes. For example, overexpression of the cell cycle inhibitor p57 kip2 in cardiomyocytes was shown to attenuate ischemia-reperfusion injury in the mouse heart (19) . In another study, cyclin A/cdk2 activation was involved in hypoxia-induced apoptosis in cardiomyocytes (1) . The hyperexpression of THAP5 in human heart and its regulation during cell death by Omi/HtrA2 suggest that this pathway plays a significant role in the normal function of the heart. Furthermore, THAP5 might be involved in the development and progression of heart disease, especially in CAD. Fig. 7 . THAP5 protein levels in heart tissues from patients with coronary artery disease (CAD). Heart tissues were obtained from patients with end-stage heart failure due to CAD or dilated cardiomyopathy (DCM) and were undergoing cardiac transplantation. A: heart tissue extracts from three patients with CAD were used in a Western blot to monitor the expression of THAP5 protein.
Top: extracts were prepared from three areas on each heart corresponding to the remote zone (CAD-RZ), border zone (CAD-BZ), and the infarction (CAD-MI) area. Bottom: THAP5-to-GAPDH ratios were calculated after densitometry. *P Ͻ 0.05 vs. CAD-RZ. B, top: human heart tissue lysates from three healthy donors (HD-1, -2, and -3) and three DCM patients (DCM-1, -2, and -3) were probed for THAP5 expression. Data are means Ϯ SD (n ϭ 6 patients/group). Bottom: THAP5-to-GAPDH ratios were calculated after densitometry.
